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Cl2 electrode: Cl2(aq)        2 Cl-(aq)
H2 electrode: H2(g)        2 H+(aq)
PEM H+(aq)
Cl2(g)
Cl2 electrode: Cl2(aq)        2 Cl-(aq)
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.$P$M JO.)$MESJFEBU ◦$GPSNJOVUFT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collector Pt/C or Pt-Ru/C electrode 
with PTFE gasket
































































































&FR : J ≥ ƽ (HBMWBOJD)
&FR
&(J) : J ≤ ƽ (FMFDUSPMZUJD)
	










DPVMPNCTUSBOTGFSSFEBUUIFFMFDUSPEF "EJĎFSFODFCFUXFFO2S BOE2UPUBM BSJTFTXIFOUIFSFBSF
PUIFSSFBDUJPOT	TBZQSPDFTTFTTBOEU
PDDVSSJOHBUUIFFMFDUSPEF /PUFUIBUPOFDBOEJWJEFCPUI
























































ǖǣ"TTVNJOH UIBU 0 BOE $M BSF JEFBM HBTFT  WPM 0 DPSSFTQPOET UP  NPM 0 XIJDI DPSSFTQPOET
UP B QBSBTJUJD MPTT PG  CFDBVTF FWFSZ NPMF PG FWPMWFE 0 HBT SFMFBTFT GPVS NPMFT PG FMFDUSPOT XIJMF FWFSZ
NPMFPGFWPMWFE$M POMZSFMFBTFTUXPNPMFTPGFMFDUSPOT






































































'JHVSF 1PUFOUJBMWT DVSSFOUEFOTJUZBOEQPXFSEFOTJUZWT DVSSFOUEFOTJUZGPSUIFGPVSUIHFOFSBUJPO
DFMMPQFSBUFEJOCPUIHBMWBOJDBOEFMFDUSPMZUJDNPEFBU ◦$BOEB$M QSFTTVSFPGQTJH ĉFDFMM
FRVJMJCSJVNQPUFOUJBMJTEFOPUFEXJUIBIPSJ[POUBMEPĨFEMJOFBOEFMFDUSPMZUJDBOEHBMWBOJDPQFSBUJPO
BSFTFQBSBUFECZBWFSUJDBMEBTIFEMJOF




























Current Density (A cm
-2)








oC, 25 psig Cl
2























































































































































































































































































































































































































































































ƽ N"DN−ƿ   
J)
ƽ N"DN−ƿ   
Һ ӄN   
-ӄN   
1HBVHF BUN   
3TUBDL"PINDNƿ   






















































Current Density (A cm
-2)







































'JHVSF 1PUFOUJBMWT DVSSFOUEFOTJUZBOEQPXFSEFOTJUZWT DVSSFOUEFOTJUZGPSUIFėěIHFOFSBUJPO










































































































































Power Density (W cm
-2)
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ǖǖĉF OFHBUJWF SFDJQSPDBM PG UIJT TMPQF 35
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PO UFNQFSBUVSF QSFTTVSF BOE UIF OBUVSF PG UIF /C TVSGBDF <> ĉF PYJEF HFOFSBUFE IFSF MJLFMZ DPOTJTUT PG B
NJYUVSF PG /C0 BOE /C0Y XIFSF Y JT DMPTF UP  <> #PUI PG UIFTF BEPQU B UFUSBHPOBM TUSVDUVSF /C0 JT B
TFNJDPOEVDUPSBOE/C0Y NBZFYIJCJUBOFMFDUSJDBMDPOEVDUJWJUZDPNQBSBCMFUP/C0XIJDIJTNFUBMMJD<> ĉF
MPXFS DVSSFOU EFOTJUJFT PCTFSWFE JO 'JHVSF  BT DPNQBSFE UP 'JHVSF  BSF MJLFMZ EVF UP UIF SFTJTUJWJUZ PG UIJT
PYJEFėMN







































































































































































































































Br2 electrode: Br2(aq)        2 Br-(aq)
H2 electrode: H2(g)        2 H+(aq)
PEM H+(aq)
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 CZ
VUJMJ[JOHBOPWFMOPOTUBOEBSENFNCSBOF<> ,SFVU[FSFUBM 	
BDIJFWFEQPXFSEFOTJUJFT




































































&FR : J ≥ ƽ (HBMWBOJD)
&FR





































)ƿ(H)   ƿ)
+(BR)+ƿF
− &FR = ƽ.ƽƽƽ 7 	B

#Sƿ(BR)+ƿF
−   ƿ#S

















XIFSF3 = ǅ.ǀƾǁ+NPM,−ƾ JTUIFVOJWFSTBMHBTDPOTUBOU5JTUIFUFNQFSBUVSF	JO ◦$
OJTUIF
OVNCFSPGFMFDUSPOTUSBOTGFSSFEJOUIFSFBDUJPO	O = ƿIFSF




















XIFSFD#Sƿ BOED)#S BSFUIFDPODFOUSBUJPOTPG#S BOE)#SSFTQFDUJWFMZ	JONPMBSJUZ.
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&FR:FP = ӓ − (5 − ƿǂ)
 





−ǁ + ǁ.ǀƾ · ƾƽ
−ǂ · 5(MOG)ƿ + MOB#Sƿ)
	





⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨
⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩
ƾ.ƽǄǀ − ƽ.ƽǂǃǄ · MOƾƿ.ǀǃ9
ƾ−9 , JGƽ.ƽƾǃ < 9 < ƽ.ƾƾ
ƾ.ƽǆǂ − ƽ.ƾƽǁƿ · MOƾƿ.ǀǃ9
ƾ−9 , JGƽ.ƾƾ < 9 < ƽ.ƿǅ
ƾ.ǀǀǃ − ƽ.ƿǂǅƾ · MOƾƿ.ǀǃ9




























ӏ)ƿ0 = ǆǆǆ.ǃǂ + ƽ.ƿƽǁǀǅ5 − ƽ.ƽǃƾǄǁ5
ǀ/ƿ. 	

ĉFQBSBNFUFSTBSFBTGPMMPXT "ӊ = ǂǆ.ǆǅ#ӊ = −ƽ.ƾǀƽƽ$ӊ = ƽ.ƽƽƾƽǃƾ%ӊ = −ƾ.ƿǃǀ
&ӊ = ƽ.ƽƿƾǃƽBOE'ӊ = −ƽ.ƽƽƽƾǃǁǄFBDIIBWJOHVOJUTOFDFTTBSZUPHJWFUIFJSSFTQFDUJWFUFSNT






























































CBTFEPOSFBMDFMMNFBTVSFNFOUT *NQPSUBOUMZ&FR:FP BOE&FRJEFBM WBSZTJHOJėDBOUMZGSPNPOF

































































 #BMEXJOQSPWJEFTEBUBGPSӐ BOE&B BUėWFEJĎFSFOUNPMBSJUJFTSBOHJOHGSPN.)#S
UP.)#S	BUPUBMPGEBUBQPJOUT




















































































































































































































































































































WBMVFPG7ƾ DIBOHJOHmUPDNǀ NPM−ƾ GPS#Sm "U◦$ UIFDBMDVMBUFEWBMVFGPS%#S− JTY
−ǂ DNƿ T−ƾ


























UIBUSFTVMUJOUIFMPXFTUQPTTJCMFҿ 	ӊ Y−ǃ Nƿ T−ƾYӉNBOEVƽ NT−ƾ
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ƽ N"DN−ƿ#S  FMFDUSPEFFYDIBOHFDVSSFOUEFOTJUZJ#S
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N"DN−ƿNFNCSBOF




ӉNҿ ӉNBOE) HBTQSFTTVSFQ)ƿ BUN 'JHVSFTIPXTBEJSFDUTDPNQBSJTPOPGUIFDFMM
QPUFOUJBMWT DVSSFOUEFOTJUZBOEQPXFSEFOTJUZWT DVSSFOUEFOTJUZGPSUIF#BTF$BTFBOEUIF
















































































































































































































































































































Current Density (mA cm
-2)






























































Current Density (mA cm
-2)














































































































































































































































































































































































































































































N"DN−ƿ# S  FMFDUSPEFFYDIBOHFDVSSFOUEFOTJUZJ#S
ƽ N"DN−ƿNFNCSBOFUIJDLOFTTM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N"DN−ƿ# S  FMFDUSPEFFYDIBOHFDVS
SFOUEFOTJUZJ#S
ƽ N"DN−ƿNFNCSBOFUIJDLOFTTM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2 Gas Pressure (atm)













































Diffusion Layer Thickness (µm)




































































































ƽ N"DN−ƿ# S  FMFDUSPEFFY
DIBOHFDVSSFOUEFOTJUZJ#S
ƽ N"DN−ƿNFNCSBOFUIJDLOFTTM ӄNEJĎVTJPOMBZFSUIJDLOFTTҺ 






) QSFTTVSFJTWBSJFE ĉF#BTF$BTFJTDJSDMFEJOFBDIQMPU ĉFCMBDL	VQQFS
EPUTSFQSFTFOUPQFSBUJPO



















DPMMFDUFEJTTIPXO #PUIQPUFOUJBMWT DVSSFOUEFOTJUZBOEQPXFSEFOTJUZWT DVSSFOUEFOTJUZėUT
BOEEBUBGSPN,SFVU[FSFUBM BSFJODMVEFE ĉFNPEFMDVSWFTBUUISFFEJĎFSFOUUFNQFSBUVSFTBSF
TIPXOBTTPMJEMJOFTBOEUIFEBUBGSPN,SFVU[FSFUBM BSFJOEJDBUFEVTJOHNBSLFST	IPMMPXDJSDMFT
GPS ◦$IPMMPXUSJBOHMFTGPS ◦$BOEIPMMPXTRVBSFTGPS ◦$
ĉFEBUBUIBUBSFėUXFSF









































































2 Gas Pressure (atm)

































































Diffusion Layer Thickness (µm)










































































































































ƽ N"DN−ƿ# S 
FMFDUSPEFFYDIBOHFDVSSFOUEFOTJUZJ#S
ƽ N"DN−ƿNFNCSBOFUIJDLOFTTM ӄN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23 C, 35 C, 45 C
2 M HBr/Br
2
'JHVSF $PNQBSJTPOPGNPEFMėUTUPEBUBGSPN,SFVU[FSFU BM DPMMFDUFEBU ◦$ ◦$BOE
◦$VTJOHB.)#S#S FMFDUSPMZUF .PEFMėUTBSFTIPXOVTJOHTPMJEMJOFTBOEEBUBGSPN,SFVU[FSFU





ƽ N"DN−ƿNFNCSBOFUIJDLOFTTM ӄN) HBTQSFTTVSFQ)ƿ BUNEJĎVTJPO


























































































































































































2 e-, 2 H+









































































































































































































ǖǖǖ3FG <> XSJĨFO CZ .BSDFM 1PVSCBJY IBT B SFNBSLBCMF BNPVOU PG JOGPSNBUJPO BOE JT B NVTUPXO GPS BOZ FMFD
USPDIFNJTU






















































E 0  (mV vs SHE)
pH
2 e-, 2 H+
2 e-, 1 H+
2 e-, 0 H+








































ӗ JTUIFSPUBUJPOSBUFJOSBET−ƾӊ JTUIFLJOFNBUJDWJTDPTJUZJODNƿ T−ƾBOE$0 JTUIF
DPODFOUSBUJPOPG"2%4JONPMDN−ǀ #ZDPMMFDUJOH3%&EBUBBUBWBSJFUZPGSPUBUJPOSBUFTBOE






UIJTTBNFEBUBPOBQMPUPGJM WT ӗƾ/ƿXJUIBėUUP&RVBUJPOTVQFSJNQPTFE ĉJTėUZJFMETBO
"2%4EJĎVTJPODPFđDJFOU%Y−ǃ DNƿ T−ƾ 'PSDPNQBSJTPOUIFEJĎVTJPODPFđDJFOUGPS
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(Rotation Rate)     (s    rad    )
i
    (mA    )
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 Cycle Number































































































ǖǣĉF DBQBDJUZ SFUFOUJPO JT MJLFMZ UP DPNQPVOE PWFS B MBSHF OVNCFS PG DZDMFT TP JU JT BCTPMVUFMZ FTTFOUJBM UIBU UIJT
OVNCFS JT WFSZ DMPTF UP  &WFO XJUI B DBQBDJUZ SFUFOUJPO PG  GPS FYBNQMF UIF CBĨFSZ XJMM IBWF MPTU OFBSMZ
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DZDMFT ĉJTXPVMEDIBOHFUPB<MPTTJGUIFDBQBDJUZSFUFOUJPODPVMECFJODSFBTFE
UPPSXPVMEJODSFBTFUPPWFSJGUIFSFUFOUJPOGFMMUP





















































































































































































































/PX UIJT JT OPU UIF FOE *U JT OPU FWFO UIF CFHJOOJOH PG UIF



























































 3  JEFBM HBT DPOTUBOU < + 	NPM,
>
 ' 'BSBEBZ  T DPOTUBOU <$NPM@F−>
 01&3"5*/( 1"3".&5&34




 .@)#S  M J O T Q B D F 	   
 .PMBSJUZ <NPM->
 .@)#S  
 .@#S  .@)#S
 KMJOMJOTQBDF	−
 DVSSFOU EFOTJUZ <N"DN?>
 PWFSQPUFOUJBM@NFTI@TJ[F   TFUT TJ[F PG FUB@B)@MJO BOE FUB@#7@MJO
 &/(*/&&3*/( 1"3".&5&34
 Q@)   IZESPHFO QBSUJBM QSFTTVSF <BUN>
 K@@#S   K@@#SUIF FYDIBOHF DVSSFOU EFOTJUZ PG UIF
  #S FMFDUSPEF<N"DN?>
 K@@)   K@@)UIF FYDIBOHF DVSSFOU EFOTJUZ PG UIF )
  FMFDUSPEF<N"DN?>
 FQTJMPOF− FMFDUSPEF UIJDLOFTT EJGGVTJPO MBZFS UIJDLOFTT <DN>
 -          UIJDLOFTT PG UIF /BGJPO NFNCSBOF <DN>
  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
 &26*-*#3*6. 105&/5*"-
  5IF FRVJMJSJVN QPUFOUJBM &@FR JT B GVODUJPO PG TFWFSBM EJGGFSFOU
  WBSJBCMFT  XIJDI XJMM CF EFBMU XJUI JO B OVNCFS PG EJGGFSFOU TUFQT IFSF
  /PUF UIBU &@FR JT */%&1&/%&/5 PG UIF DVSSFOU EFOTJUZ K
 9 SFQSFTFOUT UIF XFJHIU GSBDUJPO PG )#S JO UIF FMFDUSPMZUF 5IJT JT B
 GVODUJPO PG UIF )#S NPMBSJUZ 	 JU TIPVME CF B GVODUJPO PG UIF #S NPMBSJUZ
 BT XFMM  CVU :FP BOE $IJO BTTVNF UIJT JT 

 8F MM OFFE UP DBMDVMBUF UIF XFJHIU GSBDUJPO 9 BT B GVODUJPO PG UIFTF
 WBSJBCMFT
 .8@)#S        .8 PG )#S <HNPM>
 .8@#S      .8 PG #S <HNPM>
 8F OFFE UP LOPX UIF EFOTJUZ PG )#S BT B GVODUJPO PG 5 BOE .@)#S





 <5@NFTI K@NFTI  .@)#S@NFTI>OEHSJE	5MJO  KMJO  .@)#S

 .@#S@NFTI  .@)#S@NFTI
 'JUUJOH QBSBNFUFST BOE FRVBUJPO BSF GSPN u %FOTJUJFT PG #JOBSZ "RVFPVT
 4PMVUJPOT PG  *OPSHBOJD 4VCTUBODFTu CZ 1 /PWPUOZ BOE 0 4PIOFM  +
 $IFN BOE &OH %BUB  WPM  OP  
 EFOTJUZ PG QVSF XBUFS 	LHN?

 SIP@)0    5@NFTI − 5@NFTI?	

 'JUUJOH QBSBNFUFST TQFDJGJD UP )#S
 "         ?  
 #     	 −

 $          
 %      	 −

 &@   
 '@   	−

 &RVBUJPO GPS UIF EFOTJUZ PG )#S
 EFOTJUZ@PG@)#S  SIP@)0  ".@)#S@NFTI  #.@)#S@NFTI 










 /PX XF DBO DBMDVMBUF UIF XFJHIU GSBDUJPO PG )#S
 9. 8 @ ) # S  . @ ) # S @ N F T I   	 E F O T J U Z @ P G @ ) # S  ? 	 −


 /PX XF OFFE UP EFGJOF QIJ BDDPSEJOH UP :FP BOE $IJO
 GPS L	MFOHUI	5MJO
MFOHUI	KMJO
MFOHUI	. @ ) # S












































 DPNQVUF UIF NPMBMJUZ PG UIF TPMVUJPO VTJOH FRO  JO 3VHPMP + &$4
 N     . @ ) # S @ N F T I   	 E F O T J U Z @ P G @ ) # S −.8@)#S.@)#S@NFTI 
 
 /PX XF OFFE UP DPNQVUF BDUJWJUZ DPFGGJDJFOUT GPS )#S %BUB JT
 GSPN 5BCMF  JO 'BJUB  + $IFN &OH %BUB  
  308  JO HBNNB EBUB CFMPX JT GSPN JOUFSQPMBUJPO GSPN $3$ EBUB 	NFBO
 BDUJWJUZ DPFGGJDJFOUT PG FMFDUSPMZUFT BT B GVODUJPO PG DPODFOUSBUJPO

 * VTFE UIF EBUBQPJOU GPS  NPMLH )#S 	
 BOE UIFO JOUFSQPMBUFE UIJT
 MJOFBSMZ JO UFNQ CBTFE PO UIF GBDU UIBU  BU  NPMLH )#S UIF BDUJWJUZ
 DPFGGJDJFOU DIBOHFT  GSPN  $ UP  $













 UFNQ@HBNNB  <        >
 HBNNB <
          
         
         
         
         
         
         
         
         
         
         
         
         >
 HBNNB  HBNNB  
 <UFNQ@HBNNB@NFTINPMBMJUZ@HBNNB@NFTI>  
 OEHSJE	UFNQ@HBNNBNPMBMJUZ@HBNNB

 N  SFTIBQF	N MFOHUI	.@)#S

















 JOUFSQPMBUFE@HBNNB  HSJEEBUB	NPMBMJUZ@HBNNB@NFTI  
 UFNQ@HBNNB@NFTI HBNNBN 5@NFTI

 /PX XF DBO EFGJOF UIF FRVJMJCSJVN QPUFOUJBM
 &@FR@ZFP  QIJ−	5@NFTI−











  5IF BCPWF FRVBUJPO BTTVNFT BO BDUJWJUZ DPFGGJDJFOU PG  GPS 
 IZESPHFO BOE CSPNJOF
 5IF UISFF MJOFT CFMPX NVTU CF VO−DPNNFOUFE GPS UIF GJHVSF
 HFOFSBUJPO UP XPSL




















 .&.#3"/& 3&4*45"/$& 07&3105&/5*"-
 $BMDVMBUJOH UIF /BGJPO .FNCSBOF 3FTJTUBODF BT B GVODUJPO PG .PMBSJUZ 
 5FNQFSBUVSF  BOE $VSSFOU %FOTJUZ
 %FGJOJOH TJHNB SFRVJSFT BO FNQJSJDBM GJU UIBU EFQFOET PO . BOE 5
 5@NFTI  [FSPT	MFOHUI	5MJO 




 K@NFTI  [FSPT	MFOHUI	5MJO




 .@)#S@NFTI  [FSPT 	 MFOHUI 	 5MJO 
  MFOHUI 	 K M J O 
  MFOHUI 	.@)#S


 <5@NFTI K@NFTI  .@)#S@NFTI>OEHSJE	5MJO  KMJO  .@)#S

 */5&310-"5*0/ */ ."5-"#
 %BUB JT GSPN #BMEXJO 	
 BOE 4POF 	
 GPS UIF  . EBUB QPJOU
 NPMBSJUZ@#BMEXJO  <     >
 &@B  <      >
 "@  <        >
 UFNQFSBUVSF@GJU  
 <UFNQFSBUVSF@GJU@NFTI  NPMBSJUZ@GJU@NFTI>  
 OEHSJE	UFNQFSBUVSF@GJU NPMBSJUZ@#BMEXJO

















































 TJHNB@GJU@DPNQ  <TJHNB@GJU@ TJHNB@GJU@ TJHNB@GJU@ 
 TJHNB@GJU@ TJHNB@GJU@ TJHNB@GJU@>
 TJHNB@JOUFSQ@DPNQ  JOUFSQ	UFNQFSBUVSF@GJU NPMBSJUZ@#BMEXJO  
 TJHNB@GJU@DPNQ 5@NFTI.@)#S@NFTI  TQMJOF  

 TJHNB@JOUFSQ@DPNQ@SFEVDFE  





 5P QMPU DPOEVDUJWJUZ
 TVSG	.@)#S@NFTI 5@NFTI  TJHNB@JOUFSQ@DPNQ@SFEVDFE

 -BTUMZ  DBMDVMBUJOH UIF SFTJTUJWF PWFSQPUFOUJBM





 ):%30(&/ "$5*7"5*0/ 07&3105&/5*"-
 $BMDVMBUJOH UIF ) "DUJWBUJPO 0WFSQPUFOUJBM BT B 'VODUJPO PG 5FNQFSBUVSF
 5IF IZESPHFO BDUJWBUJPO PWFSQPUFOUJBM JT */%&1&/%&/5 PG NPMBSJUZ








  PWFSQPUFOUJBM@NFTI@TJ[F 

 IZESPHFO BDUJWBUJPO PWFSQPUFOUJBM <N7>
 <5@NFTI K@NFTI  FUB@B)@NFTI  .@)#S@NFTI> 
 OEHSJE	5MJO  KMJO  FUB@B)@MJO .@)#S

 G'  	 	 	 5 @ N F T I        
   3 
  ? 	 −

 VTFGVM QBSBNFUFS <7>
 $PNQVUJOH FUB@B#S TJODF UIF #VUMFS−7PMNFS FRVBUJPO JT BO JNQMJDJU
 FYQSFTTJPO GPS FUB@B#S  IFSF XF VTF B NJOJNJ[BUJPO UP OVNFSJDBMMZ
 EFUFSNJOF XIJDI FUB@B#S CFTU TBUJTGJFT UIF #VUMFS−7PMNFS FRVBUJPO GPS B
 HJWFO DVSSFOU EFOTJUZ





 5IF #VUMFS−7PMNFS &RVBUJPO
 SFTVMUBCT	SFTVMU
 UBLJOH UIF BCTPMVUF WBMVF PG UIF u SFTVMUu NBUSJY 
 TP XF DBO EP NJOJNJ[BUJPOT
 <BOTXFSJOEFY0G;FSPJO3FTVMU.BUSJY>NJO	SFTVMU <>

 FUB@B) FUB@B)@MJO	JOEFY0G;FSPJO3FTVMU.BUSJY 







 ."44 53"/41035 07&3105&/5*"-
  $BMDVMBUJOH UIF .BTT 5SBOTQPSU 0WFSQPUFOJBM BU UIF #SPNJOF








  PWFSQPUFOUJBM@NFTI@TJ[F 

 PWFSQPUFOUJBM GSPN #VUMFS−7PMNFS FRVBUJPO BDDPVOUJOH GPS
 DPODFOUSBUJPO FGGFDUT
 BMG@#S  
 <5@NFTI K@NFTI  FUB@#7@NFTI  .@)#S@NFTI> 
 OEHSJE	5MJO  KMJO  FUB@#7@MJO .@)#S
 EFGJOFT B −% NBUSJY GPS WBSJBCMFT
 FUB@B#S@NFTIFUB@#7@NFTI EFGJOJOH BO PWFSQPUFOUJBM SFHJNF GPS UIF
 CSPNJOF BDUJWBUJPO PWFSQPUFOUJBM
 .@#S@NFTI  .@)#S@NFTI
 FUB@B#S@MJO  FUB@#7@MJO
 5IF GPMMPXJOH MJOF DBMDVMBUFT UIF WJTDPTJUZ PG QVSF XBUFS BT B GVODUJPO PG
 UFNQ VTJOH FRO  JO -BMJCFSUF 












 %JGGVTJPO DPFGGJDJFOU <DNT > GJU JT FR  3FEEZ 
 $@PY  .@#S@NFTI − 	K@NFTIFQTJMPO

 	'%@#S
 DPOD PG PYJEBOU BU FMFDUSPEF TVSGBDF <NPMDN>
 5IF GPMMPXJOH GPS MPPQ FOTVSFT UIBU OP OFHBUJWF WBMVFT PG $@PY BSJTF 	 UIBU
  JT  $@PY DBO POMZ HP BT MPX BT [FSP  BOE UIJT MPPQ UBLFT BOZ OFHBUJWF













 %FUFSNJOJOH UIF DPODFOUSBUJPO PG $M− OFBS UIF FMFDUSPEF
  $@SFE@FR  .@NFTI FRVJMJCSJVN DPODFOUSBUJPO PG
 SFEVDFE TQFDJFT JO CVML TPMVUJPO <NPMDN>







 %JGGVTJPO DPFGGJDJFOU <DNT > GJU JT FR  3FEEZ 
 $@SFE  .@)#S@NFTI  	K@NFTIFQTJMPO
 	'%@#S

 DPODFOUSBUJPO PG SFEVDFE TQFDJFT BU UIF FMFDUSPEF TVSGBDF <NPMDN>
 G'  	 	 	 5 @ N F T I        
   3 
  ? 	 −

 VTFGVM QBSBNFUFS <7>
 $PNQVUJOH FUB@#7 TJODF UIF #VUMFS−7PMNFS FRVBUJPO JT BO JNQMJDJU
 FYQSFTTJPO GPS FUB@B#S  IFSF XF VTF B NJOJNJ[BUJPO UP OVNFSJDBMMZ
 EFUFSNJOF XIJDI FUB@B#S CFTU TBUJTGJFT UIF #VUMFS−7PMNFS FRVBUJPO GPS B
 HJWFO DVSSFOU EFOTJUZ
 FUB@#7 JT UIF $0/$&/53"5*0/−%&1&/%&/5 #VUMFS−7PMNFS &RVBUJPO











 5IF DPODFOUSBUJPO−EFQFOEFOU #VUMFS−7PMNFS &RVBUJPO
 SFTVMU@#7BCT	SFTVMU@#7
 UBLJOH UIF BCTPMVUF WBMVF PG UIF u SFTVMUu 
 NBUSJY  TP XF DBO EP NJOJNJ[BUJPOT
 <BOTXFS@#7JOEFY0G;FSPJO3FTVMU.BUSJY@#7>NJO	SFTVMU@#7 <> 

 FUB@#7  FUB@#7@MJO	JOEFY0G;FSPJO3FTVMU.BUSJY@#7 






 5IF GPMMPXJOH GPS MPPQ FOTVSFT UIBU UIF USVF MJNJUJOH DVSSFOU EFOTJUZ
 BQQFBST PO UIF QMPU 5IJT JT EJGGJDVMU UP EFTDSJCFDPNNFOU PVU UIJT MPPQ
 BOE SF−SVO UIJT QSPHSBN UP TFF UIF FGGFDU UIBU JU IBT *U FGGFDUJWFMZ
 FMJNJOBUFT BO BSUJGJDJBM u TIFMGu UIBU BSJTFT CFDBVTF UIF QPTTJCMF SBOHF PG
 FUB@#7 JT MJNJUFE CZ IPX POF EFGJOFT FUB@#7@MJO BCPWF
 GPS L	MFOHUI	KMJO














 $PNQVUJOH FUB@B#S TJODF UIF #VUMFS−7PMNFS FRVBUJPO JT BO JNQMJDJU
 FYQSFTTJPO GPS FUB@B#S  IFSF XF VTF B NJOJNJ[BUJPO UP OVNFSJDBMMZ
 EFUFSNJOF XIJDI FUB@B#S CFTU TBUJTGJFT UIF #VUMFS−7PMNFS FRVBUJPO GPS B
 HJWFO DVSSFOU EFOTJUZ







 5IF #VUMFS−7PMNFS &RVBUJPO
 <BOTXFS@B#SJOEFY0G;FSPJO3FTVMU.BUSJY@B#S>NJO	BCT@SFTVMU@B#S <>

 FUB@B#S  FUB@B#S@MJO	JOEFY0G;FSPJO3FTVMU.BUSJY@B#S






 $PNQVUJOH FUB@.5  XIFSF FUB@.5 JT EFGJOFE BT UIF EJGGFSFODF
 CFUXFFO UIF DPODFOUSBUJPO−EFQFOEFOU BOE DPODFOUSBUJPO−JOEFQFOEFOU
 #VUMFS−7PMNFS FRVBUJPOT




 & & @ F R @ Z F P F U B @ 3 F U B @ B # SF U B @ B )F U B @ . 5 
 108&3 $"-$6-"5*0/4
 QC T Y G V O 	 ! U J N F T  &  K M J O 
 QPXFS EFOTJUZ PG UIF DFMM <N8DN>
 SPX@NBY  NBY	Q<> 
 DPNQVUFT NBY QPXFS JO  TU EJNFOTJPO
 DPMVNO@NBY  NBY	SPX@NBY <> 
 DPNQVUFT NBY QPXFS JO OE EJN
 EFQUI@NBY  NBY	DPMVNO@NBY <> 
 DPNQVUFT NBY QPXFS JO SE EJN
 <SPXDPM>GJOE	QNBY	EFQUI@NBY

 GJOET UIF SPX BOE DPMVNO XIFSF UIF 
 NBY QPXFS BDUVBMMZ PDDVST
 .BY@QPXFS@NBY	Q<> 
 DPNQVUFT B NBY QPXFS JO UIF DVSSFOU EFOTJUZ
 EJNFOTJPO 	VTFE GPS QMPUUJOH QVSQPTFT





 VTFE GPS QMPUUJOH QVSQPTFT
 <.@QMPUUFNQ@QMPU>NFTIHSJE	.@)#S5MJO
 VTFE GPS QMPUUJOH QVSQPTFT
 SPX@NJO  NBY	Q<> 
 DPNQVUFT NBY QPXFS JO KMJO EJNFOTJPO
 DPMVNO@NJO  NJO	SPX@NJO <> 
 DPNQVUFT NJO QPXFS JO UFNQ
 EFQUI@NJO  NJO	DPMVNO@NJO <> 




 GJOET UIF SPX BOE DPMVNO XIFSF UIF NBY QPXFS BDUVBMMZ PDDVST
  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
  '*(63& (&/&3"5*0/
  GJHVSF	

  TVSGD	UFNQ@QMPU  .@QMPU  .BY@QPXFS@

  YMBCFM	5FNQFSBUVSF <$>

  YMJN	< >

  ZMBCFM	$PODFOUSBUJPO <NPM->

  ZMJN	<  >

  [MBCFM	.BYJNVN 1PXFS %FOTJUZ <N8DN?>

  TFU	 GJHVSF	
DPMPS XIJUF 





  QMPU	 KMJO &	SPX 
L KMJO  &@FR	SPX 
KMJO  FUB@3	SPX 
S 
 KMJO  FUB@B$M	SPX 
H KMJO  FUB@B)	SPX 
Z KMJO  FUB@.5	SPX 
D 

  MFHFOE	0WFSBMM $FMM 1PUFOUJBM &RVJMJCSJVN $FMM 1PUFOUJBM 
  0INJD 0WFSQPUFOUJBM $IMPSJOF "DUJWBUJPO 0WFSQPUFOUJBM 
   )ZESPHFO "DUJWBUJPO 0WFSQPUFOUJBM .BTT 5SBOTQPSU 0WFSQPUFOUJBM 

  YMBCFM	$VSSFOU %FOTJUZ 	N"DN?


  ZMBCFM	1PUFOUJBM 	7


  UJUMF	'VFM $FMM -PTTFT OFBS 0QUJNVN $POEJUJPOT 

  ZMJN	<−  >





  QMPU	 KMJO &	
L KMJO  &@FR	
KMJO  FUB@3	
S KMJO  
  FUB@B$M	
H KMJO  FUB@B)	
Z KMJO  FUB@.5	
D 

  MFHFOE	0WFSBMM $FMM 1PUFOUJBM &RVJMJCSJVN $FMM 1PUFOUJBM 
  0INJD 0WFSQPUFOUJBM $IMPSJOF "DUJWBUJPO 0WFSQPUFOUJBM 
   )ZESPHFO "DUJWBUJPO 0WFSQPUFOUJBM .BTT 5SBOTQPSU 0WFSQPUFOUJBM 

  YMBCFM	$VSSFOU %FOTJUZ 	N"DN?


  ZMBCFM	1PUFOUJBM 	7


  UJUMF	'VFM $FMM -PTTFT BU $ BOE . )$M

  ZMJN	<−  >

  YMJN	< >

 FGGJDJFODZ  &&@FR@ZFP











 FGGJDJFODZ@EJGGFSFODF  FGGJDJFODZ − 











 FGGJDJFODZ@EJGGFSFODF  BCT	FGGJDJFODZ@EJGGFSFODF

 <BOTXFS@FGG JOEFY0G;FSPJO3FTVMU.BUSJY@FGG>NJO	FGGJDJFODZ@EJGGFSFODF <>





 *G ZPV SVO UIF DPEF BU B TJOHMF UFNQ BOEPS DPODFOUSBUJPO  EFGJOF















 QPXFS@QFSDFOU@FGG@E  DVSSFOU@QFSDFOU@FGG&@QFSDFOU@FGG
  QPXFS@QFSDFOU@FGG@E@TNPPUI  TNPPUI	 QPXFS@QFSDFOU@FGG@E











 SPX@NBY  NBY	Q<> 
 DPNQVUFT NBY QPXFS JO  TU EJNFOTJPO
 DPMVNO@NBY  NBY	SPX@NBY <> 
 DPNQVUFT NBY QPXFS JO OE EJN
 EFQUI@NBY  NBY	DPMVNO@NBY <> 
 DPNQVUFT NBY QPXFS JO SE EJN
 <SPXDPM>GJOE	QNBY	EFQUI@NBY

 GJOET UIF SPX BOE DPMVNO XIFSF UIF
 NBY QPXFS BDUVBMMZ PDDVST
 QPXFS@QFSDFOU@FGG@NBY  NBY	QPXFS@QFSDFOU@FGG
 NBYJNVN
 QPXFS EFOTJUZ PG UIF DFMM <N8DN>
  −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
 %"5" $0.1"3*40/4 50 .0%&-
 ,SFVU[FS/HVZFO GSPN 'JH  GJSTU DPMVNO JT DVSSFOU EFOTJUZ  TFDPOE JT
 QPUFOUJBM  UIJSE JT DBMDVMBUFE QPXFS EBUB GPVOE VTJOH 1MPU%JHJUJ[FS
 LSFVU[FS@  <  
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   >

 LSFVU[FS@  <  
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   >

 LSFVU[FS@  <  
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   >
 -JWTIJUT=1FMFE GSPN 'JH   $   . #S DVSWF GJSTU DPMVNO JT 
 DVSSFOU EFOTJUZ  TFDPOE JT QPUFOUJBM  UIJSE JT DBMDVMBUFE QPXFS
 EBUB GPVOE VTJOH 1MPU%JHJUJ[FS
 MJWTIJUT@  <  
   
   
   
   
   
   
   
   
   
   
   
   


























  QFSDFOU@QPXFS@UFNQFSBUVSF  5MJO	SPX
 GJOET UIF UFNQFSBUVSF BU
 XIJDI UIF NBYJNVN QPXFS EFOTJUZ PDDVST




 BOT<KMJO  & FUB@3  FUB@B#S  FUB@B)  FUB@.5 FGGJDJFODZ  Q>
  GJHVSF	

  TVSGD	UFNQ@QMPU  .@QMPU  QPXFS@QFSDFOU@FGG@TNPPUI

  YMBCFM	5FNQFSBUVSF 

  YMJN	< >

  ZMBCFM	$PODFOUSBUJPO 

  ZMJN	<  >

  [MBCFM	1PXFS %FOTJUZ BU  &GGJDJFODZ <N8DN?>

  TFU	 GJHVSF	
DPMPS XIJUF 

  UJUMF	1PXFS %FOTJUZ BU  &GGJDJFODZ BT B 
 GVODUJPO PG .PMBSJUZ BOE 5FNQFSBUVSF 

  SPX@NBY@FGG  NBY	Q <>
 DPNQVUFT NBY QPXFS JO  TU EJNFOTJPO
  DPMVNO@NBY@FGG  NBY	SPX@NBY <>
 DPNQVUFT NBY QPXFS JO OE EJN
  EFQUI@NBY@FGG  NBY	DPMVNO@NBY <>
 DPNQVUFT NBY QPXFS JO SE EJN
  < SPX@FGG  DPM@FGG>GJOE	QNBY	 EFQUI@NBY@FGG

 GJOET UIF SPX BOE DPMVNO
 XIFSF UIF NBY QPXFS BDUVBMMZ PDDVST
  .BY@QPXFS@FGG  EFQUI@NBY@FGG NBYJNVN QPXFS EFOTJUZ
 PG UIF DFMM <N8DN>
  .BY@QPXFS@UFNQFSBUVSF@FGG  5MJO	 SPX@FGG
 GJOET UIF UFNQFSBUVSF BU
 XIJDI UIF NBYJNVN QPXFS EFOTJUZ PDDVST








  .BY@QPXFS@@FGG@NBY	Q <>
 DPNQVUFT B NBY QPXFS JO UIF DVSSFOU
 EFOTJUZ EJNFOTJPO 	VTFE GPS QMPUUJOH QVSQPTFT





 VTFE GPS QMPUUJOH QVSQPTFT
  <.@QMPU  UFNQ@QMPU>NFTIHSJE	. 5MJO
 VTFE GPS QMPUUJOH QVSQPTFT
  QMPU	 FGGJDJFODZ	























  Q  CTYGVO	!UJNFT & KMJO
 QPXFS EFOTJUZ PG UIF DFMM <N8DN>
  FGGJDJFODZ  &&@FR
  .BY@QPXFS@  <>




















 *OTUSVDUJPOT DSFBUF B DTW GJMF DBMMFE  UJNF  BOE B DTW GJMF DBMMFE
 QPUFOUJBM BOE QVU UIFN JO UIF TBNF GPMEFS BT UIJT GJMF
 0ODF ZPV IBWF UIPTF  KVTU DMJDL u3VOu BOE UIF DPEF XJMM SVO  HFOFSBUJOH
 UIF WBSJBCMFT CFMPX /PUF UIBU UIJT QSPHSBN OFFET UP TUBSU XJUI B $)"3(&
 IBMG−DZDMF  OPU B EJTDIBSHF
 DZDMF@FOE@UJNFT  
 DZDMF@MFOHUI  
 DVSSFOU@FGGJDJFODZ 
 DBQBDJUZ@SFUFOUJPO  




 QPUFOUJBMDTWSFBE	 DZDMJOH@EBUBDTW  

 -PPQ UP EFUFSNJOF UIF UJNF BU XIJDI FBDI IBMG−DZDMF FOET 	 CBTJDBMMZ  JG
 UIF EJGGFSFODF JO QPUFOUJBM CFUXFFO UXP DPOTFDVUJWF EBUB QPJOUT JT   
 7 UIFO UIBU JT VTFE BT UIF JOEJDBUPS UIBU UIF TJHO PG UIF DVSSFOU IBT
 GMJQQFE BOE B OFX IBMG−DZDMF IBT CFHVO
  5IJT MPPQ DSFBUFT B NBUSJY DBMMFE

















 -PPQ UP EFUFSNJOF UIF MFOHUI PG FBDI DZDMF *U DPNQBSFT UIF FOE UJNF PG
 POF DZDMF UP UIF FOE UJNF PG UIF QSFWJPVT DZDMF BOE QVUT UIF EJGGFSFODF JO












































<> 0&$% &MFDUSJDJUZHFOFSBUJPO 0&$%'BDUCPPL &DPOPNJD&OWJSPONFOUBM
BOE4PDJBM4UBUJTUJDT	0&$%1VCMJTIJOH



































































































<> #FFS) ĉFJOWFOUJPOBOEJOEVTUSJBMEFWFMPQNFOUPGNFUBMBOPEFT +PVSOBMPGUIF
&MFDUSPDIFNJDBM4PDJFUZ$m$	

<> 5SBTBĨJ4 &MFDUSPDBUBMZTJTJOUIFBOPEJDFWPMVUJPOPGPYZHFOBOEDIMPSJOF &MFDUSPDIJNJDB
"DUBm	


















































<> -PEJ(#JHIJ$EF"TNVOEJT$ %FQPTJUJPOBOEDIBSBDUFSJ[BUJPOPG3V0ƿ ėMNTPO
WBSJPVTTVCTUSBUFT .BUFSJBMT$IFNJTUSZm	



































































<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS $PCBMU 5FDI3FQ64(FPMPHJDBM4VSWFZ
	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS /JDLFM 5FDI3FQ64(FPMPHJDBM4VSWFZ
	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS 5JO 5FDI3FQ64(FPMPHJDBM4VSWFZ
	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS 5JUBOJVNBOEUJUBOJVNEJPYJEF 5FDI3FQ
64(FPMPHJDBM4VSWFZ	

<> 64(4/BUJPOBM.JOFSBMT*OGPSNBJUPO$FOUFS .BOHBOFTF 5FDI3FQ64(FPMPHJDBM
4VSWFZ	

<> $VMMJUZ# ĉF%FUFSNJOBUJPOPG$SZTUBM4USVDUVSF *O&MFNFOUTPG93BZ%JĎSBDUJPO
m	"EEJTPO8FTMFZ

<> 4IFBTCZ+4 ĉF0YJEBUJPOPG/JPCJVNJOUIF5FNQFSBUVSF3BOHF ◦m ◦ $ +PVSOBM
PGUIF&MFDUSPDIFNJDBM4PDJFUZm	

<> /PSNBO/ .FUBMMJDPYJEFQIBTFTPGOJPCJVNBOEUBOUBMVN*9SBZJOWFTUJHBUJPOT +PVSOBM
PGUIF-FTT$PNNPO.FUBMTm	








<> ;IBOH38FJEOFS+8 "OBMZTJTPGBHBTQIBTF#Sƿm)ƿ SFEPYĚPXCBĨFSZ +PVSOBMPG
"QQMJFE&MFDUSPDIFNJTUSZm	

<> -JEF% $0%"5",FZ7BMVFTGPSĉFSNPEZOBNJDT $3$)BOECPPLPG$IFNJTUSZBOE
1IZTJDTTU&EJUJPO	


























<> 8JMLF$$IBOH1 $PSSFMBUJPOPGEJĎVTJPODPFđDJFOUTJOEJMVUFTPMVUJPOT "*$I&
+PVSOBM m	

<> 3FEEZ,%PSBJTXBNZ- &TUJNBUJOHMJRVJEEJĎVTJWJUZ *OEVTUSJBM&OHJOFFSJOH
$IFNJTUSZ'VOEBNFOUBMTm	




















<> $BSSFĨF-'SJFESJDI,"4UJNNJOH6 'VFMDFMMT QSJODJQMFTUZQFTGVFMTBOE
BQQMJDBUJPOT $IFN1IZT$IFNm	

















































<> 64(4/BUJPOBM.JOFSBMT*OGPSNBUJPO$FOUFS #SPNJOF 5FDI3FQ64(FPMPHJDBM
4VSWFZ	







<> #BSE"+'BVMLOFS-3 &MFDUSPDIFNJDBM.FUIPET 'VOEBNFOUBMTBOE"QQMJDBUJPOT
	+PIO8JMFZ4POT
OEFEO




#BĨFSZ *O.341SPDFFEJOHT 'BMM.FFUJOH 	

<> )VTLJOTPO#/BXBS4(FSIBSEU.3"[J[.+ /PWFM2VJOPOF#BTFE$PVQMFTGPS
'MPX#BĨFSJFT &$45SBOTBDUJPOTm	

<> -B.FS7,#BLFS-& ĉFFĎFDUPGTVCTUJUVUJPOPOUIFGSFFFOFSHZPG
PYJEBUJPOSFEVDUJPOSFBDUJPOT*#FO[PRVJOPOFEFSJWBUJWFT +PVSOBMPGUIF"NFSJDBO
$IFNJDBM4PDJFUZm	

<> 4LZMMBT,B[BDPT.$IBLSBCBSUJ.))BKJNPMBOB4".KBMMJ'44BMFFN.
1SPHSFTTJO'MPX#BĨFSZ3FTFBSDIBOE%FWFMPQNFOU +PVSOBMPGUIF&MFDUSPDIFNJDBM4PDJFUZ
3	

<> 4LZMMBT,B[BDPT.,BTIFSNBO%)POH%3,B[BDPT. $IBSBDUFSJTUJDTBOE
QFSGPSNBODFPGL86/48WBOBEJVNSFEPYCBĨFSZ +PVSOBMPG1PXFS4PVSDFT
m	

$PMPQIPO
5
ļĽňŉļĹňĽňŌĵňŉŏńĹňĹŉVTJOH
- "5&9PSJHJOBMMZEFWFMPQFECZ-FTMJF
-BNQPSUBOECBTFEPO%POBME,OVUIT
5&9ĉFCPEZUFYUJTTFUJOQPJOU"SOP
1SPEFTJHOFECZ3PCFSU4MJNCBDIJOUIF
TUZMFPGCPPLUZQFTGSPNUIF"MEJOF1SFTTJO
7FOJDFBOEJTTVFECZ"EPCFJO "
UFNQMBUFXIJDIDBOCFVTFEUPGPSNBUB1I%
UIFTJTXJUIUIJTMPPLBOEGFFMIBTCFFO
SFMFBTFEVOEFSUIFQFSNJTTJWFŁĽŉ	Ŏ

MJDFOTFBOEDBOCFGPVOEPOMJOFBU
HJUIVCDPNTVDIPXPSGSPNUIFBVUIPSBU
TVDIPX!QPTUIBSWBSEFEV
